The molecular background of an intermediate type of dystrophinopathy [Duchenne and Becker muscular dystrophy (DMD/ BMD)] remains to be clarified, and out-of -frame and in-frame mutations of the dystrophin gene are shown to be causes of DMD and BMD, respectively. In a boy with this disease, dystrophin mRNA extracted from lymphocytes and muscle were analyzed both qualitatively and quantitatively using reverse transcription PCR. Three different dystrophin mRNA were found to be produced via the use of three cryptic splice acceptor sites resulting from a novel point mutation of 2831-2AϾG at the conserved splice acceptor site of intron 20. One of three mRNA showed an insertion of six nucleotides of intron 20 between exons 20 and 21 (dysϩ6) that encoded two novel amino acids in the rod domain of dystrophin. Two other mRNA species showed an insertion of seven nucleotides of intron 20 between exons 20 and 21 (dysϩ7) or a seven-nucleotide deletion in exon 21 (dysϪ7). Quantitative analysis of each dystrophin mRNA expressed in the boy's skeletal muscle disclosed that around 95% and 5% of dystrophin mRNAs were dysϪ7 and dysϩ6, respectively, whereas these two mRNA were almost equally expressed in lymphocytes. It is suggested that production of a small fraction of in-frame mRNA in muscle explains the molecular background of the intermediate type of dystrophinopathy in the index case. This finding underlines the potential of genetic therapeutic strategies aimed to modify mRNA in DMD to generate a much milder disease. X-linked dystrophinopathy resulting from mutations in the dystrophin gene is the most common cause of inherited myopathy affecting approximately one in 3500 males. It shows varying degrees of severity, ranging from the severe DMD to the mild BMD (1). DMD is a rapidly progressive disease occurring during childhood in which an affected individual loses the ability to walk before the age of 12 y. BMD has a slower rate of progression; those affected remain ambulatory beyond the age of 16 y and may even lead near-normal lives. In BMD, the mean age of symptoms, such as muscle weakness and difficulty in walking, is reported to be 11 y (2). Patients who lose the ability to walk between age 12 and 16 y are classified as having an intermediate form of the dystrophinopathy, DMD/BMD (3).
The molecular background of an intermediate type of dystrophinopathy [Duchenne and Becker muscular dystrophy (DMD/ BMD)] remains to be clarified, and out-of -frame and in-frame mutations of the dystrophin gene are shown to be causes of DMD and BMD, respectively. In a boy with this disease, dystrophin mRNA extracted from lymphocytes and muscle were analyzed both qualitatively and quantitatively using reverse transcription PCR. Three different dystrophin mRNA were found to be produced via the use of three cryptic splice acceptor sites resulting from a novel point mutation of 2831-2AϾG at the conserved splice acceptor site of intron 20. One of three mRNA showed an insertion of six nucleotides of intron 20 between exons 20 and 21 (dysϩ6) that encoded two novel amino acids in the rod domain of dystrophin. Two other mRNA species showed an insertion of seven nucleotides of intron 20 between exons 20 and 21 (dysϩ7) or a seven-nucleotide deletion in exon 21 (dysϪ7). Quantitative analysis of each dystrophin mRNA expressed in the boy's skeletal muscle disclosed that around 95% and 5% of dystrophin mRNAs were dysϪ7 and dysϩ6, respectively, whereas these two mRNA were almost equally expressed in lymphocytes. It is suggested that production of a small fraction of in-frame mRNA in muscle explains the molecular background of the intermediate type of dystrophinopathy in the index case. This finding underlines the potential of genetic therapeutic strategies aimed to modify mRNA in DMD to generate a much milder disease. X-linked dystrophinopathy resulting from mutations in the dystrophin gene is the most common cause of inherited myopathy affecting approximately one in 3500 males. It shows varying degrees of severity, ranging from the severe DMD to the mild BMD (1) . DMD is a rapidly progressive disease occurring during childhood in which an affected individual loses the ability to walk before the age of 12 y. BMD has a slower rate of progression; those affected remain ambulatory beyond the age of 16 y and may even lead near-normal lives. In BMD, the mean age of symptoms, such as muscle weakness and difficulty in walking, is reported to be 11 y (2). Patients who lose the ability to walk between age 12 and 16 y are classified as having an intermediate form of the dystrophinopathy, DMD/BMD (3).
In approximately 60% of DMD/BMD cases, a partial deletion or duplication of the dystrophin gene can be detected (4) . The severity of the disease depends on the effect of the mutation on the translational reading frame of the dystrophin mRNA. According to the reading frame rule, deletions or duplications that create a shift in the reading frame lead to the more severe DMD phenotype, whereas the milder BMD phenotype occurs if the open reading frame is maintained after the deletion or duplication (5) . More than 90% of deletion or duplication mutations identified in DMD/BMD are consistent with the reading frame rule (6) . Exceptions to the rule have been reported, however, and the production of an alternative splicing product maintaining the reading frame is considered a key to modifying the clinical phenotype to the milder BMD (7) (8) (9) . Recently, the analysis of dystrophin mRNA expressed in lymphocytes has become commonly used in identifying small mutations of the dystrophin gene (10 -12) and led to the identification of not only small mutations but also aberrant dystrophin mRNA. As a result, a nearly 100% correlation has been obtained between the clinical phenotype and the reading frame rule (13) . However, the reading frame rule does not explain the molecular background of the intermediate form DMD/BMD.
Splicing is a process to remove introns from pre-mRNA and splice sites are determined by so-called splicing consensus sequences that are located at intron/exon boundaries. Shapiro's splicing probability scores (14) describe the degree to which individual splice junctions match with the consensus sequence. Mutations at splicing consensus sequences result in exon skipping, activation of cryptic splice sites, or both, producing aberrant mRNA (15) . Because the dystrophin gene consists of 79 exons spread over 3000 kb and encodes only a 14-kb long mRNA (4, 16, 17) , the splicing of an extremely large intron (up to 200 kb) seems to be regulated in a more sophisticated way than in other genes. Mutations at the splicing consensus sequence of the dystrophin gene have been reported to result in either exon skipping or the activation of cryptic splice sites (18 -20) . However, examples of the activation of multiple cryptic splice sites have yet to be reported for the dystrophin gene, although many examples have been found in other genes (21, 22) . The absence of reports of multiple splice activation is considered to reflect the highly regulated process for splicing of dystrophin pre-mRNA.
In this article, three dystrophin mRNA were found to be produced by the activation of three cryptic splice sites through inactivation of the authentic splice acceptor site. Furthermore, quantification of each dystrophin mRNA showed that a small fraction of in-frame dystrophin mRNA was present in intermediate DMD/BMD.
CASE
A 14-y-old boy was referred to Kobe University Hospital for a genetic diagnosis of his muscle weakness. As an infant, he started to crawl at age 9 mo but did not begin to walk until the age of 2 y. A slowness to climb stairs was noticed at age 6 y. At age 9 y, he showed a waddling gait and was clinically diagnosed with DMD based on a highly elevated serum creatine kinase (CK) level. His muscle weakness progressed but he could still walk independently and climb stairs using a stairholder at age 12 y. He had a bone fracture in his right ankle and was wheelchair-bound at the age of 13 y, leading to a diagnosis of intermediate DMD/BMD (3). There was no family history of neuromuscular disease. Laboratory examination disclosed an elevated level of serum CK (8642 IU/L; control, Ͻ169 IU/L). He is mentally retarded and his IQ is 59. An electromyogram showed a typical myogenic pattern, but no abnormalities were detected by either x-ray or ECG examinations. To diagnose the myopathy, a muscle biopsy was performed on his biceps. Consent for this study was obtained from his parents. The ethical committee of Kobe University Graduate School of Medicine approved the study.
METHODS
Immunohistochemical analysis. The muscle biopsy sample was examined histologically. An indirect immunofluorescence analysis was performed using three dystrophin antibodies recognizing the N-terminal (NCL-Dys3), the rod (NCL-Dys1), and the C-terminal (NCL-Dys2) domains of dystrophin (Novocastra Laboratories, Newcastle, U.K.) as previously described (23) . Normal skeletal muscle tissue was simultaneously stained with the panel of antibodies.
Mutation analysis. For mutation analysis of the dystrophin gene, DNA was isolated from peripheral blood of the index case and members of his family by standard phenol-chloroform extraction methods. Southern blot analysis was performed using HindIII restriction enzyme-digested DNA as a template and dystrophin cDNA fragments as probes (4) . This technique allows for the full extent of any deletions or duplications to be recognized. To characterize the genomic mutations, a region encompassing 59, 181, and 79 bp of intron 20, exon 21, and intron 21, respectively, was amplified by PCR from the genomic DNA samples using the following pair of primers: a forward primer on intron 20: 5'-GCAAAATGTAATGTATG-CAAAG-3' and a reverse primer complementary to intron 21: 5'-ATGTTAGTACCTTCTGGATTTCC-3'. The amplified product was directly sequenced (8) .
Reverse transcription PCR (RT-PCR) was used to analyze the dystrophin mRNA expressed in lymphocytes or skeletal muscle as described before (11) . Full-length dystrophin cDNA was amplified as 10 separate, partially overlapping fragments and directly sequenced (10) . To characterize a fragment showing ambiguous sequencing results, a region encompassing exons 19 to 22 was amplified using a forward primer corresponding to a segment of exon 19 (5'-GCCATAGAGC-GAGAAAAAGCT-3') and a reverse primer complementary to a segment of exon 22 (5'-CTGATAGCGCATTGGTGGCAA -3'). The amplified product was purified and subjected to sequencing either directly or after subcloning into T7 blue T vector (24) .
Quantification of mRNA. To quantify each of the three dystrophin mRNA, RT-PCR products labeled with Cy5 were electrophoresed on sequencing gel and its fluorescence was measured. A region encompassing exons 20 to 21 was amplified using a Cy5-labeled forward primer on exon 20 (5'-ATCGCTTTCTATAATCAGCTAC-3') (Hokkaido System Science Co. Ltd., Sapporo, Japan) and a reverse primer on exon 21 (5'-TTGTCTGTAGCTCTTTCTCTC-3'). The cDNA was amplified by 25 cycles of PCR. The amplified product was separated electrophoretically using a DNA sequencer (Amersham Pharmacia Biotech, Uppsala, Sweden) and each dystrophin mRNA was determined based on the distance it migrated on the gel. Quantification of the respective mRNA was carried out by measuring its peak height.
RESULTS
The biopsied muscle sample showed dystrophic changes on microscopic examination, i.e. size variation in muscle fibers, central nuclear fibers, and degenerative and regenerative fibers. Dystrophin staining showed that the material reactive to the rod-recognizing antibodies was weakly present in the muscle membrane whereas there was no material reactive to the N-terminal or COOH-terminal recognizing antibodies (Fig. 1) . Western blot analysis of dystrophin disclosed no significantly visible band (data not shown). A mutation responsible for the intermediate form was investigated in the dystrophin gene.
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Southern blot analysis failed to disclose any gross gene rearrangement in his genome. Dystrophin mRNA was analyzed as 10 separate fragments by PCR amplification. Direct sequencing of these fragments revealed a completely normal sequence, except one encompassing exons 17 to 25. The ambiguous region was then amplified as a small fragment extending from exons 19 to 22. The amplified product appeared as one band on separation by electrophoresis (Fig. 2a) . Direct sequencing showed the ambiguous result again and the amplified products were next sequenced after subcloning. Remarkably, three mRNA with different mutation sequences were found to be present: two had insertions of six (GCACGG) (dysϩ6) or seven (GGCACGG) (dysϩ7) nucleotides between exons 20 and 21 (Fig. 2b) . Another one had a seven-nucleotide (CATGAAG) deletion of the 5' end of exon 21 (dysϪ7) (Fig.  2b) . These three mRNA were considered natural products because the exon boundaries were conserved and no other nucleotide change was present in the sequenced exons. However, the mechanism to produce these three mRNA was unclear.
Two inserted sequences shared a common six-nucleotide sequence (GCACGG), but dysϩ7 had an additional G nucleotide at the 5' end of the common sequence. A homology search of the common sequences disclosed that five of the six nucleotides were the same as the wild-type sequence of the 3' end of intron 20 except for one nucleotide. The different nucleotide was an A to G transition at the second-to-last nucleotide of the wild-type intron 20. The possibility that the inserted sequence was from intron 20 was strongly suggested. To examine this possibility, the genomic nucleotides encompassing exon 21 and its flanking introns were sequenced. The 319 nucleotides were completely homologous to the wild-type sequence except for one nucleotide. The same A to G transition at the second-to-last nucleotide of intron 20 (2831st nucleotide of dystrophin cDNA) was identified in the genome (2831-2AϾG) (Fig. 2c) . Therefore, inserts of six and seven nucleotides, respectively, between exons 20 and 21 of the dystrophin mRNA were concluded to originate from the sequence of the 3' end of intron 20.
The nucleotide change, 2831-2AϾG, disrupted a highly conserved AG dinucleotide sequence at the splice acceptor site. It was reasonable to suspect that a splicing error occurred. However, it was difficult to understand the production of the three dystrophin mRNA with either an insertion or a deletion, especially the two mRNA differing in one additional nucleotide. Remarkably, all three mRNA were found to be produced from the usage of the cryptic splice acceptor sites located nearby the mutated authentic splice acceptor site (Fig. 2d) . These sites maintain the high Shapiro's splicing probability score (14) for splice acceptor sites: 0.69, 0.65, and 0.56 at 7 and 6nt upstream and 7nt downstream from the authentic splice site, respectively, whereas the authentic splice acceptor site showed a decrease in its score from 0.83 to 0.62 with the mutation. It was concluded that the three dystrophin mRNA were splicing products obtained via the use of cryptic splice sites in either intron 20 or exon 21.
The ability to produce dystrophin was examined in each dystrophin mRNA. Both dysϩ7 and dysϪ7 creating a premature stop codon in exon 20 were identified as nonfunctional. However, dysϩ6 maintained the translational reading frame and was expected to produce dystrophin. The inserted six nucleotides GCACGG encode alanine and arginine. These two amino acids were inserted between the 874th and 875th amino acid residue located at the 5th repeat of the rod domain of dystrophin. This elongated dystrophin seemed to exert its function because an insertion into the rod domain is not very harmful to dystrophin function (25, 26) .
In the index case, it was difficult to decide on a clinical picture on the basis of the reading frame rule because both out-of-frame and in-frame dystrophin mRNA were identified. From the high probability score of the splice acceptor site, it was expected that dysϩ7 was the most abundant mRNA, thereby resulting in DMD. Clinically, however, the index case was diagnosed as intermediate. To understand its molecular pathogenesis, each of the dystrophin mRNA expressed in lymphocytes was quantitated by RT-PCR using a fluorescent labeled forward primer. From the amplified product, two peaks were visualized at sizes of 300 and 313 bp, corresponding to dysϪ7 and dysϩ6, respectively (Fig. 3) . Contrary to expectation, a peak at 314 bp corresponding to dysϩ7 could not be detected. The two peaks were almost equal in height, indicating the parallel use of two acceptor sites. The presence of the in-frame mRNA in half of the total dystrophin mRNA was expected to result in BMD (8) . The clinical severity of the index case was not compatible with this finding.
Considering that the mRNA of the dystrophin in muscle reflects the clinical phenotype more accurately than that in lymphocytes, muscle dystrophin mRNA were quantitated. Re- markably, quite different patterns of expression were obtained: one large and one small peak (Fig. 3) . From the peak height, it was decided that around 95% of the mRNA was dysϪ7 and around 5% dysϩ6. The molecular pathogenesis of intermediate DMD/BMD was considered due to the production of a small fraction of the in-frame dystrophin mRNA.
Here, we describe a case of dystrophinopathy showing intermediate DMD/BMD. Because of a point mutation at the splicing consensus acceptor site, three different dystrophin mRNA were produced. A molecular background of intermediate DMD/BMD was identified because in-frame dystrophin mRNA was produced in a small fraction of muscle mRNA.
DISCUSSION
In this article, we described the molecular analysis of a case of intermediate DMD/BMD. The patient had a novel 2831-2AϾG mutation in intron 20 of the dystrophin gene thus disrupting the highly conserved AG dinucleotide at the splice acceptor site (Fig. 2c) . Although the mutation was expected to induce skipping of exon 21 by inactivating the splice acceptor site, no skipping was detected by dystrophin mRNA analysis (Fig. 2a) . Instead, three aberrant mRNA were identified (Fig.  2b) . Among the three, only one was an in-frame mRNA having the ability to produce dystrophin with a two-amino acid insertion. However, this in-frame mRNA (dysϩ6) accounted for only a small fraction (around 5%) of muscle dystrophin mRNA (Fig. 3 ) and seemed to be responsible for the clinical phenotype of intermediate DMD/BMD.
The molecular background of intermediate DMD/BMD is not well understood, although the reading frame rule has been documented in DMD and BMD (5, 13) . In a case of intermediate DMD/BMD with a nonsense mutation in exon 2 of the dystrophin gene, it was supposed that the in-frame alternative splicing product acted as a modifier of the clinical phenotype of DMD, however, attempts to identify the supposed mRNA in that case failed (27) . Our results show the first evidence of production of a case of in-frame mRNA in an intermediate DMD/BMD (Fig. 2b) . In the future, extensive analyses of dystrophin mRNA may further clarify the molecular background of intermediate DMD/BMD.
As far as we know, this is the first report to describe the production of three dystrophin mRNA by the usage of different cryptic splice sites. In the literature, four dystrophin mRNA at most are shown to be produced by mechanisms of exon skipping or alternative splicing in mutations at the splice consensus sequence of the dystrophin gene (8, 28, 29) , but activation of a cryptic splice site has been limited to one or two sites (30) . We do not know why three cryptic splice sites among six sites located near the border between intron 20 and exon 20 were selected. It is clear that Shapiro's probability score is not the sole factor deciding the availability of the cryptic splice acceptor site inasmuch as dysϩ7 produced from the site with a high Shapiro's score was not quantifiably detected. It is especially difficult to explain why the authentic splice acceptor site containing the mutation was not used, even though it is located at the original position and has a higher Shapiro's splicing probability score (0.62) than the downstream activated site (0.56). Furthermore, the score for the three activated sites is far below the average for all splicing acceptor sites of the dystrophin gene (0.87) (30) . These results indicate that unknown factors other than position and the score influence the usage of the splice acceptor site. It seems impossible to say which cryptic acceptor site is used in mutations of the splicing consensus sequence. Therefore, usage patterns of the sites can only be clarified by analyzing mRNA.
The next question is what factor determines the amount of each dystrophin mRNA. The ratio of dysϩ6 to dysϪ7 was different between lymphocytes and muscle (Fig. 3) . This may be due to either a difference in the use of each cryptic splice site that is regulated by tissue-specific factor(s) or the fate of dystrophin mRNA according to its protein-coding ability (31) . More studies are needed to answer this question. Because the amounts of multiple mRNA are different between lymphocyte and muscle (Fig. 3) , it is necessary to analyze amounts of each mRNA expressed in muscle for proper analysis of genotype and phenotype correlation in dystrophinopathy.
The large size of both the dystrophin gene (3000 kb) and dystrophin mRNA (14 kb) hampers the identification of mutations of the dystrophin gene. We have used RT-PCR analysis of dystrophin mRNA in lymphocytes for analysis of small mutations and identified several novel mutations (8, 18, 32) . In the present case, the ambiguous result of the direct sequencing of a rather large fragment encompassing exons 17 to 25 initiated an extensive study revealing a single nucleotide change in the dystrophin gene. The smaller region encompassing exons 19 to 22 was amplified as a single clear band (Fig.  2a) but was found to be a mixture of three products by sequencing the amplified products using the subcloning sequence method. It is suggested that a subcloning examination of an RT-PCR product be done for a thorough search consid- Figure 3 . Quantification of each dystrophin mRNA. Dystrophin cDNA encompassing exons 20 to 21 was amplified using a Cy5-labeled forward primer. The amplified product was separated on the sequence gel using an automatic DNA sequencer. Two peaks at 300 bp and was 313 bp long points were visualized from both lymphocytes (lower panel) and skeletal muscle (upper panel). From their sizes, the two products were identified to be dysϪ7 and dysϩ6, respectively. A peak between two peaks in the lower panel was considered either nonspecific or a heteroduplex product. However, a peak corresponding to dysϩ7 could not be identified at 314 bp. The vertical axis indicates fluorescence intensity and the horizontal axis indicates the size of the amplified product as determined using internal marker DNA. IN DYSTROPHIN mRNA ering the possibility of a mixture of products differing in only a few nucleotides.
NOVEL MUTATION RESULTS
At this moment, there is no effective way to treat DMD. Recently, the conversion of DMD to BMD by changing dystrophin mRNA from out-of-frame to in-frame has attracted much attention as an alternative treatment of DMD (33) . The natural modification of the clinical phenotype from DMD to BMD by a mechanism of exon skipping has been reported in BMD cases with nonsense mutations in exons 27, 29, or 72 (8, 9, 34) . Therefore, artificial induction of exon skipping is one potential method for alternative gene therapy for DMD. We have shown that skipping of exon 19 of the dystrophin gene can be induced by blocking the function of the splicing enhancer sequence located in exon 19 with an antisense oligonucleotide complementary to the splicing enhancer sequence (35) . Skipping of exon 19 in myocytes from a DMD patient with an exon 20 deletion led to the production of an in-frame dystrophin mRNA lacking both the exon 19 and 20 sequence, resulting in dystrophin-positive cells (36) . In addition, it was shown that the skipping of exon 46 induced using antisense oligonucleotide complementary to a purine-rich sequence led to the production of dystrophin in DMD-derived muscle cells (37) . At the same time, the induction of exon skipping with antisense oligonucleotides complementary to splicing consensus sequences was shown to lead to the production of an internally truncated dystrophin in the mdx mouse, an animal model of DMD (38) . These results indicate the potential of these antisense oligonucleotides for treating DMD. In the index case, blocking the activated cryptic splice site within exon 21 with an antisense oligonucleotide may result in a more active use of the upper cryptic splice site that produces in-frame mRNA. In the future, this strategy will be examined for the index case.
We, however, do not know what percentage of dystrophin mRNA should be changed to the in-frame type to obtain a therapeutic effect in alternative gene therapy. It is supposed that the higher the amount of in-frame mRNA present, the milder the muscle weakness. In our previous report, a mild BMD phenotype developed when in-frame dystrophin accounted for nearly 10% of total dystrophin mRNA (8) . In this report, a level of around 5% in muscle was not so effective in ameliorating the clinical phenotype. Therefore, at least 10% of dystrophin mRNA should be modified to in-frame mRNA when using alternative gene therapy for DMD.
